This paper presents the methodology for the calculation of an indoor environmental quality indicator for residential buildings. The 'Dwelling Environmental Quality Index' has been developed with the purpose of assisting both households and property managers to identify potential problems with the indoor environment whilst ensuring that indoor environmental quality is not compromised in favour of energy saving. Based on the combined effect of three simple and commonly measured indoor environmental parameters -air temperature, relative humidity and CO 2 concentrations; the index reflects in a single value the quality of indoor environmental conditions for the monitored period, in compliance with the European standard EN15251:2007. The application of the Dwelling Environmental Quality Index in single dwellings and in building blocks is demonstrated. The usability of the index as a communication and management tool for individual households and property managers is also demonstrated.
Introduction
People spend on average approximately 90% of their time indoors.
1 Studies show that serious problems in indoor comfort conditions exist for various groups of the population, especially for vulnerable and lowincome groups. [2] [3] [4] It is therefore important that the health and comfort of building occupants is secured in the indoor environment. To protect the population, many standards have been developed for the acceptable ranges and threshold values for indoor environmental quality parameters, combining provisions for energy efficiency, thermal comfort and human health.
Energy saving and indoor environmental quality improvements are inter-related but it is possible to simultaneously achieve both. 5, 6 The thermal, hygrometric and indoor air quality aspects are considered to affect the wellbeing and productivity in buildings but also the energy costs to maintain appropriate comfort conditions. The evaluation of these parameters plays an important role in the assessment and certification of the energy performance of buildings. 7, 8 The need for an indicator for the overall indoor environment that will take into account all physical parameters to be presented alongside the energy certification has also been stressed by Olesen. 9 The Energy Performance of Buildings Directive (EPBD) 10 acknowledges the interdependent relationship between energy performance and indoor climate by taking into account -amongst other factors that play an increasingly important role -the indoor climatic conditions in the methodology for the calculation of the energy performance of buildings. The European standard EN15251:2007 7 is one of the standards drafted in order to assist member states in the implementation of the EPBD. As summarized in CEN/TR15615:2008, 11 the Standard 7 specifies the impact parameters and/or criteria for indoor environment and ways for establishing indoor environmental input parameters for the building system design and energy performance calculations. Methods for the long-term evaluation of the obtained indoor environment as a result of calculations or measurements are also specified. The Standard is applicable mainly in buildings where the criteria for indoor environment are determined by human occupancy and where the indoor environment is not impacted significantly by the production or process such as residential buildings.
For the classification of the indoor environment, complex indoor environment information shall be integrated into a simple overall indicator. The parameters that could be considered for this indicator are numerous; however, knowledge of the combined influence of the indoor environmental parameters is insufficient. In addition, the more the measured parameters, the greater the associated cost for acquisition, monitoring and analysis and the more the issues in sensor accuracy/ calibration, 12 especially for a massive implementation. Thus, European Standard EN15251:2007 7 recommends the use of an overall classification that is based only on the thermal environment and indoor air quality. The Standard defines four quality categories, expressing the level of expectation of occupants for the indoor environmental quality in the space to be conditioned (Table 1) .
The calculation of the percentage of time that each considered environmental parameter falls in each category may be used for the long-term evaluation (e.g. annually) of the indoor environment. This calculation forms the main starting point for a number of Indoor Environmental Quality (IEQ) models where performance categories are used for evaluation purposes.
Numerous studies are found in literature proposing methods for the evaluation of indoor environmental quality in buildings using a scoring/rating system. 13 These methods normally take IEQ performance measurements, objective (i.e. physical measurements) and/or subjective (i.e. occupant surveys) and produce an evaluative rating or score.
In the subjective-objective process, objective and subjective measurements are combined into a single overall index that reflects occupant satisfaction.
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The subjective process is in most cases the simplest and most cost-effective method for IEQ evaluation. 12 However, the subjective process faces more critique than the objective process when having to choose between the two. 13 Nicol and Wilson 22 mention difficulty in finding an appropriate survey period and interpreting the results of the survey, among other issues. Heinzerling et al. 13 complement this list of issues with range/subjectivity of opinions for similar IEQ conditions and limited diagnostic capability. More complexity is added to the process in the case of residential buildings where environmental conditions 19 and occupancy have greater variability and is therefore more difficult to find a representative period of time for the subjective evaluation.
In the objective process, the production of an overall IEQ index relies only on objective measurements. Even if subjective measurements are performed in some of these studies, they are not considered in the determination of the overall IEQ index. Table 2 summarizes relevant studies that incorporate both indexes that consider all aspects of comfort and indexes that allow for flexibility in the considered number of parameters and comfort aspects. When the objective is the benchmarking or ranking of buildings this flexibility offered in the selection of parameters and comfort aspects makes buildings non-comparable between others in which different parameters were considered. Also, when an index is very comprehensive the measurement process becomes more costly and impractical and the formulation and output difficult to be comprehended by non-scientists. The methodology described in this study relies on objective measurements for the production of the Dwelling Environmental Quality Index (DEQI). The methodology for the calculation of the Environment Quality Index (EQI) proposed by Marino et al. 24 forms the basis for the DEQI methodology. The number parameters and comfort aspects to be considered in the EQI are not fixed and may vary between studies that use the index depending on monitoring objectives. In addition, the EQI is a combined index and does not produce individual subindexes for each comfort aspect. Combined indexes, allow for the rating or ranking of buildings, yet there is a risk of misinterpretation resulting from loss of information. 13 The DEQI methodology considers a fixed number of monitored parameters and calculates subindexes for each of the comfort aspects. The communication of dedicated DEQI subindex information helps avoid misinterpretation of the combined index output and provides more insight into potential problematic areas.
The DEQI was developed in the framework of the ICE-WISH project, 27 an Information and Communication Technology (ICT) project aiming to improve behaviour-based energy efficiency in social housing. In order to serve the purpose, the project foresaw the installation of utility meters and sensors for monitoring of the indoor environment, namely indoor air temperature, relative humidity (RH) and CO 2 concentrations. The DEQI was part of the feedback provided to help evaluate and rate the indoor climate quality of dwellings and ensure that indoor environmental conditions were not compromised during the energy saving process. Because of the building and user type, it addresses the index has been designed to meet the three criteria that an indoor index must fulfil: be associated with occupant symptoms; be easily understood by non-scientists and be easily estimated. 28 
Methodology
This study presents the DEQI, an indoor environmental quality index for residential buildings. The index employs three of the most significant parameters for indoor environmental quality in residential buildings, those of air temperature, RH and CO 2 levels. Each of the three parameters plays a critical role in the overall environmental quality for the specific building type (Table 3) . Air temperature is an indicator of thermal comfort 29, 30 and the main determinant for the use of heating and cooling. Operative temperature, although the main indicator of thermal comfort, was not considered for the DEQI due to the practicality and cost constraints associated with the measurement of an additional parameter, that of the mean radiant temperature. 31 Air temperature alone is a good indicator of thermal comfort while remaining cost-effective and practical to employ for continuous monitoring and for large scale roll-out. The effect of humidity on thermal sensation and perceived air quality in rooms of sedentary occupancy is considered small. 7 However, RH is of particular concern in residential buildings because it is associated with the health of the occupants but also with building disorder such as condensation and mould at long-term exposures. 7 Finally, CO 2 concentrations, are included as the major indicator of ventilation and indoor air quality in residential buildings where people are the main source of pollution. 7 The methodology for the calculation of the DEQI consists of four main steps (Figure 1 ). The first step is the assignment of target values to each of the measured parameters. The second is the determination of the fraction of time that each measured parameter spends in each performance category. The third step is the evaluation of individual indoor environmental parameters through the calculation of the subindexes. The fourth and final step is the evaluation of the overall indoor environmental quality of the dwelling through the calculation of the DEQI.
Step 1: Assignment of target values
The consideration of the health and comfort of the occupants and the building structure but also of energy performance (Table 3) is incorporated into the DEQI calculation through performance criteria. Each performance category represents different exposure criteria for the indoor environment as described in Table 1 . Criteria are value ranges set for each quality category. For Categories II, III and IV, value ranges may be both over (upper range) and below (lower range) the Category I value range.
Value ranges used in this study (Table 4) are based on the recommended criteria for design and energy calculations in European Standard EN15251:2007. 7 Conditions and expectations for thermal comfort vary per season; therefore, different temperature criteria have been set for each season. Criteria for RH and CO 2 concentrations remain the same throughout the year. Due to monitoring limitations of outdoor CO 2 concentrations, a fixed value of 350 ppm was added to the EN15251 specified CO 2 concentrations to account for outdoor concentrations. 350ppm is described as the typical outdoor CO 2 concentration; in fact, it forms the basis of the commonly referenced guideline value for CO 2 concentrations of 1000 ppm. 32 Step 2: Determination of relative frequencies
The performance of individual environmental parameters is evaluated through a dedicated subindex. The subindexes rate the severity of exposure based on the time of exposure to the different quality categories and can be used as independent indicators of performance for the parameter that they represent. The only input required for the calculation of the subindexes is the fraction of time that each measured parameter spends in each performance category. These time fractions as illustrated in equation (1) are basically relative frequencies and their sum is equal to one
where i is the environmental parameter (T, RH or CO 2 ). Equation (1) gives a detailed breakdown of relative frequencies for both the upper and lower categories (detailed relative frequencies). Upper and lower range values are associated with different indoor environmental conditions and provide indication of different issues. Therefore, it is of great value to present the time fractions for the upper and lower categories separately when the DEQI value is low. For example, temperature values falling in upper quality Category IV in the winter season indicate thermal discomfort and excessive use of heating. On the other hand, temperature values in lower Category IV, indicate discomfort, from very low temperatures this time, and the need for use of heating.
For the calculation of the subindexes, only the nondetailed relative frequencies for the four quality categories are required. The relative frequency is calculated by equation (2), as follows
where i is the environmental parameter (T, RH or CO 2 ) and j is the quality category (j ¼ I, II, III, IV).
Step 3: Determination of the subindexes Subindexes are calculated by equation (3)
Each subindex varies between a minimum of 0, obtained when all parameter values fall in Category IV, to a maximum of 100, reached when all parameter values fall in Category I. Furthermore, the values of 70 and 35 are considered for the case that all parameter values fall in Category II and Category III, respectively. The selected weights do not allow for the subindex to receive high values when there is a significant proportion of monitored values in lower categories. On the other hand when monitored values are mainly in Categories I and II, the subindex receives a higher value, thus reflecting the good performance for the measured parameter. Overall, the closer the subindex value is to 100, the better the performance of that parameter for the period of time studied.
The equation for the calculation of the subindexes is based on the formula developed by Marino et al. 24 for the calculation of the EQI. In this study, this formula is used for the calculation of individual subindexes rather than the overall index.
An important piece of information to have is the minimum operator (MO) as defined by equation (4) . It is the lowest subindex for a given evaluation period
The MO is a simple, yet comprehensive way, of communicating whether there is a problem with a specific aspect of indoor environmental quality and which aspect this is. Step 4: Determination of the DEQI
The DEQI is the simple arithmetic mean of the three subindexes for temperature, RH and CO 2 concentrations as defined by equation (5) . Being an arithmetic mean, the DEQI levels out extreme conditions for the three subindexes and provides an overview of indoor environmental quality.
Like the subindexes, it is a unitless number and may receive values from 0 to 100. The closer the DEQI is to 100, the better the overall indoor environmental conditions are for the period of time studied.
The relative importance of the effect of the subindexes on the DEQI variation is demonstrated through sensitivity analysis in Table 10 .
Application of the DEQI
The DEQI has been developed specifically for application in residential buildings with the purpose of assisting both households and property managers to identify potential problems with the indoor environment. The usability of the DEQI for the households and the property managers is demonstrated through application in a single dwelling and in 26 dwellings, respectively.
Data source. Dwellings are located in Florence,
Italy and are part of 1 of the 10 different country pilots participating in the ICE-WISH project. 27 Sensors for the monitoring of the indoor environment were installed in the living room of each dwelling. The sensor-provided instant values at 15-min intervals for the three parameters, with an accuracy of AE0. 5 C for temperature, AE 2% for RH and AE 40 ppm + 3% of the reading at 25 C for CO 2 concentrations. Monitoring was performed for one full year, from October 2013 to September 2014.
Example application in a single dwelling
The DEQI is initially calculated for a single dwelling to demonstrate how the information produced from the calculations can be used by the building occupant for the understanding and management of own indoor environment. Calculation results are presented in order of calculation.
The first step for the calculation of the DEQI is the determination of the fractions of time, f i,j , that values for each measured parameter spend in each quality category. Detailed (showing the relative frequencies for both the upper and lower categories) relative frequencies are presented in a graphical manner in Figure 2 .
The detailed relative frequency diagram is a useful management tool for the occupant, as it reveals the existence and magnitude of an indoor environmental issue with a specific parameter. For example, the yearly CO 2 relative frequency diagram in this study reveals an indoor air quality issue with a large number of CO 2 values falling in Category III (47% of the time) and some in Category IV (12% of the time). Another evident issue resulting from the detailed relative frequency diagram for summer is overheating with a very high number of upper Category III and Category IV occurrences. RH has no major issue in the year. Only in midseason, a higher number of upper Category III values is observed.
Relative frequencies are used as input for the calculation of the subindexes for each measured parameter (equation (3)). Subindexes are then averaged to produce the DEQI. Results for each evaluation period are summarized in Table 5 .
Overall, a rather good indoor environmental performance is observed with the DEQI ranging between 68 and 72 between seasons. What is interesting to observe in Table 5 is that although the DEQI values do not fluctuate significantly and remain at satisfactory levels in all seasons, individual environmental parameters do not perform in the same way year round indicating different issues in different seasons. The subindex for temperature for example is rather low during summer and very high during midseason. The subindex for CO 2 is rather low during winter and very high during summer. Only the subindex for RH is at satisfactory and at more stable levels throughout the year for the specific dwelling. More insight on why a subindex is low is provided through the detailed relative frequency diagrams illustrated in Figure 2 .
Results for the MO and its distance from the DEQI (DEQI -S i ) are presented in Table 6 . The MO assists in the improvement of the indoor environment by highlighting the parameter with the lowest value and therefore the biggest need for improvement. In the dwelling under study, the attention of the occupant is drawn to CO 2 , the MO for the entire monitoring year but also for winter and midseason. For summer, temperature is the MO. Based on the results, the occupant can decide whether it is necessary or not to seek for more detailed information about the other subindex values (Table 5 ) and the relative frequencies (Figure 2 ) in order to understand better where the problem lies. For example, by looking at the summer frequency diagram for temperature, the user can easily establish that the very low subindex value is due to an overheating issue.
Example application in a building block
When calculated for a large number of dwellings, the DEQI can be a very powerful tool in the hands of the property manager as it allows for the evaluation and ranking of dwellings in a large sample, helps identify trends with the DEQI or individual subindexes and finally offers insight about the type and level of action to be taken for the improvement of the indoor environment with the help of the detailed relative frequency diagrams.
Descriptive statistics. Descriptives for the DEQI and the three subindexes were calculated for the entire monitoring year and for the three main seasons of the year (Table 8) . Analysis was performed in the Statistical Package for Social Sciences (SPSS). The frequency histograms and cumulative distribution diagrams are shown in Figure 3 . Season definition is provided in Table 7 .
The mean yearly DEQI value for the entire sample of dwellings is 68, suggesting a rather good indoor environmental performance overall. Only a small number of dwellings has a DEQI value lower than 60 (Figure 3(a) ) confirming that overall the dwellings perform well. Figure 3 (a) also highlights the dwellings that need most attention to be drawn on. Looking at a smaller time scale, at seasonal level, some issues are revealed. The lowest mean DEQI value is found in winter (mean DEQI is 63). Figure 3(c) shows a large spread of DEQI values for the winter season with a large number of dwellings with DEQI values below 60. Furthermore, a very low-temperature subindex value is observed in the summer (Table 8 ). In fact, the minimum S T observed is zero indicating a serious temperature issue in at least one dwelling in the summer. To further investigate the issues identified, one has to look at the relative frequency diagrams.
Relative frequency diagrams. The type and level of action to be taken for the improvement of the indoor environment, if the MO or the DEQI value is dissatisfactory, can be determined with the help of the detailed relative frequency diagrams. The diagrams show how the measured values for each of the parameters are distributed in each of the quality categories. For temperature and RH, frequencies are distributed in both upper and lower performance subcategories. Relative frequency diagrams for the entire evaluation period are given in Figure 4 while seasonal diagrams are given in Figures 5 to 7 . On a yearly basis, a good mix of upper and lower categories is observed for temperature suggesting occurrences of both low and high temperatures. The seasonal diagrams reveal the actual problem in each season ( Figure 5 ) and provide insight for the remediation action for the improvement of the specific parameter. Furthermore, temperature diagrams can reveal energy saving opportunities from the excess use of heating or cooling. For example, upper Category II-IV values in the winter season suggest an energy saving opportunity for heating, while lower Category II-IV values in the summer season suggest an energy saving opportunity for cooling. In the building block under study, energy wastage issues are not observed for any of winter or summer ( Figure 6 ). However, an overheating issue is revealed for the summer season for the majority of dwellings. The severity of the overheating issue is something that the property manager should investigate with consideration of occupancy hours to see if the problem appears during occupied hours. The yearly CO 2 diagram suggests an IAQ issue in the majority of dwellings. By looking at the seasonal diagrams, the property manager can determine whether the IAQ issue is due to lack of ventilation in the winter or if it is a year round issue that could be attributed to external parameters like a busy street. The seasonal relative frequency diagrams suggest that the biggest problem with indoor air quality and ventilation is in the winter season. In the summer, this problem is diminished with ventilation through open windows taking place while in midseason an intermediate situation is observed.
RH is of great concern for a property manager as long-term exposure to high RH levels can cause building disorder such as condensation and mould. The yearly diagram (Figure 4) does not reveal any serious issue with RH. Seasonal diagrams ( Figure 6 ) do not suggest serious problems either. Only in midseason, a small problem is identified with upper Category III, and some upper Category IV values, occurring in some dwellings. The exact reason for why higher RH levels occur in the midseason, such as due to high external RH levels or lack of ventilation, is something that the DEQI analysis cannot provide. Only assumptions can be made that the property manager can investigate further via other means.
Minimum operator. Table 9 shows the results from the calculation of the MO for each evaluation period. Each column gives the number of dwellings for which the specific subindex is the MO in each evaluation period. This classification allows for the property manager to easily identify the areas in which efforts, if any, for the improvement of the indoor environment, should focus in general and in each season. On a yearly basis, only temperature and CO 2 Sensitivity analysis. Sensitivity analysis was performed to help determine the relative importance of the effect of the subindexes on the DEQI variation. Rank correlation coefficients (RCCs) were calculated for each subindex. Analysis was performed in SPSS. Squared RCCs normalized against 100% produced the relative percentage of variance (RPV) in the DEQI attributable to each of the subindexes (Table 10) .
On a yearly basis, the impact of all three parameters on the DEQI variation for the specific building block is significant. The largest effect is from RH (RPV is 45%) and the smallest from temperature (RPV is 23%). CO 2 has an impact on the DEQI variation in all three seasons. RH has negligible impact on the DEQI variation in the summer, while temperature has only a small impact in the midseason.
Discussion and conclusions
The DEQI is an indoor environmental quality metric that offers a simple yet concise evaluation of the indoor environment to both scientists and non-scientists. Calculations rely on actual measurements of air temperature, RH and CO 2 concentrations. The DEQI has been developed specifically for residential buildings, so it is kept simple and understandable, yet able to sufficiently inform the occupants and property managers about the indoor thermo-hygrometric conditions and IAQ. Subjective measurements are not considered in the process due to unnecessary complexity and cost they can bring in residential building studies. Only objective measurements are used. The fixed number of measured parameters allows for classification and benchmarking of buildings evaluated with the DEQI. Also, the ability to deconstruct the DEQI into subindexes and relative frequencies for each of the measured parameters diminishes the risk of misinterpretation of the DEQI results from loss of information in the combined index.
The DEQI is a useful communication and management tool in the hands of the occupant and the property manager. When calculated for a single dwelling, it can be used by the building occupant for easy diagnosis and management of own indoor environment. When calculated for a large number of dwellings, the DEQI assists the property manager in the evaluation and ranking of a sample of dwellings, helps identify trends with the DEQI or individual subindexes and provides insight about the type and level of action to be taken for the improvement of the indoor environment.
In addition, the DEQI can be calculated for any time period, from shorter to longer term and thus provide different insights to indoor environmental quality issues.
Short-term calculations inform interested parties about the status of indoor environmental quality on an ongoing basis. This allows for the monitoring of the progress in short-term targets for improvement but also helps foresee a problem and take action for its mitigation. This is a very useful tool for the occupants because it allows them to remember and therefore identify the activities that took place in between the previous and most recent measurement and may have affected the indoor environmental quality in a positive or negative manner. Examples of such activities are use of heating (on/off), change of thermostat settings, ventilation through open windows, smoking inside, cooking, showering and steam ironing. By keeping track of the short-term DEQI and the values for each individual measured parameter, occupants could, with time, understand the impact that each of these activities has on the measured parameters and on the DEQI but also the interaction between them. If energy and the indoor environment are monitored at parallel time intervals, it could make the occupants capable of understanding the interactions that the indoor environmental parameters also have with energy consumption. In winter for example, although ventilation through open windows can help lower the CO 2 concentrations, it can also increase the need for heating.
Longer term DEQI calculations provide a more objective overview of the quality of the indoor environment as they help mitigate the effects of casual activities or events taking place inside or even outside the dwelling in the shorter term. It can therefore be used for the evaluation and classification of the overall performance of the dwelling in respect of the indoor environment. Long-term evaluations are a useful management tool for the property managers for the monitoring of the performance of the entire dwelling population they manage but also for the ranking of individual dwellings.
Finally, weighting of the subindexes that present constant and unavoidable trends, due to external conditions for example, is something that could be incorporated into the DEQI calculation. This can help avoid overshadowing of other treatable indoor environmental issues and it is a subject that will be presented in future work.
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